Blood glucose homeostasis requires a constant communication between insulin-secreting and insulin-sensitive cells. A wide variety of circulating factors, including hormones, cytokines and chemokines work together to orchestrate the systemic response of metabolic organs to changes in the nutritional state. Failure in the coordination between these organs can lead to a rise in blood glucose levels and to the appearance of metabolic disorders such as diabetes mellitus. Exosomes are small extracellular vesicles (EVs) that are produced via the endosomal pathway and are released from the cells upon fusion of multivesicular bodies with the plasma membrane. There is emerging evidence indicating that these EVs play a central role in cell-to-cell communication. The interest in exosomes exploded when they were found to transport bioactive proteins, messenger RNA (mRNAs) and microRNA (miRNAs) that can be transferred in active form to adjacent cells or to distant organs. In this review, we will first outline the mechanisms governing the biogenesis, the cargo upload and the release of exosomes by donor cells as well as the uptake by recipient cells. We will then summarize the studies that support the novel concept that miRNAs and other exosomal cargo components are new important vehicles for metabolic organ cross-talk.
| INTRODUCTION
In modern societies, the combination of sedentary lifestyles with excessive caloric intake has resulted in a dramatic rise in the incidence of chronic metabolic diseases and in the associated premature deaths. Thus, it is becoming urgent to find novel strategies to cure or prevent the development of these diseases and to stop their epidemic progression. To achieve this goal, we need to improve our basic knowledge of the biological mechanisms governing the maintenance of glucose homeostasis.
Several organs contribute to the regulation of blood glucose levels and the communication between them is vital to achieve this goal. Different circulating factors including hormones, cytokines, chemokines and growth factors are known to play an important role in inter-organ cross-talk. However, recently the existence of a new cell communication mode has emerged. This new signalling mechanism is mediated by exosomes, small extracellular vesicles (EVs) that are produced via the multivesicular endosomal pathway and are released by almost all cells. [1] [2] [3] Several studies performed in vitro, but most recently also in vivo, have now demonstrated that exosomes can transfer genetic material between different organs, resulting in functional changes in the receiving cells. In this review, we will discuss this novel cell-to-cell communication mode putting a particular focus on the implication of exosomal miRNA transfer in metabolic organ cross-talk.
"
Exosomes are small extracellular vesicles transporting proteins and nucleic acids that can be transferred in active form to nearby cells or to distant organs.

| EXOSOMES
Exosomes were identified more than 30 years ago in reticulocytes 4 and were first thought to participate in the selective removal of unwanted cell components. However, the interest in these EVs exploded in the last decade, when they were found to transport bioactive molecules, including proteins and nucleic acids, which can be transferred in active form to recipient cells. 5, 6 Exosomes are now seen as vehicles of a new cell-to-cell signalling pathway whose rules and limitations remain to be completely established. Also, a consensus is still lacking about the nomenclature and the most appropriate isolation method of exosomes and other types of microvesicles released by the cells. Typically, the term "exosome" is used to designate EVs with a diameters of 50 to 150 nm that originate from the late endosomal pathway and are released in the extracellular space upon fusion of multivesicular bodies (MVBs) with the plasma membrane. 2 Larger EVs with a diameter of up to 1000 nm are generally formed by direct budding of the plasma membrane and include a wide range of membrane-enclosed entities such as ectosomes, microparticles and microvesicles. Different methods are currently used to isolate exosomes from the culture media or from serum/plasma samples. These methods discriminate the EVs based on their size, density or by the presence of specific protein components and are therefore yielding preparations with different purities and microvesicle composition. Pro and cons for each method have been extensively reviewed elsewhere. 7 The most common strategy used to isolate exosomes remains differential centrifugation. Therefore, unless specified, in this review we will focus mainly on studies on exosomes (also called exosome-like microvesicles or small EVs) that were isolated by high speed ultra-centrifugation.
| Exosome biogenesis
The biogenesis of exosomes is tightly coupled to the formation of and ESCRT proteins (TSG101, ALIX). Post-translational modifications including ubiquitination and sumoylation were also suggested to contribute to the sorting of specific proteins in exosomes. [22] [23] [24] Other exosome components, such as messenger RNA (mRNAs) and micro-RNA (miRNAs), appear to be selectively sorted to exosomes. 25 Several studies have shown that the pool of miRNAs present in exosomes does not merely reflect their cellular abundance. 26, 27 Some miRNAs seem to be preferentially directed to exosomes whereas others appear to be retained in parental cells. 28 Moreover, the exosomal miRNA cargo can be modified in response to environmental stressors, suggesting an active sorting mechanism. Proteins important for miRNA-mediated translational repression, such as Ago2 and GW182, are also present in exosomes. 33 In colon cancer cell lines, activation of the KRAS-MEK-ERK signalling pathway, but not of AKT, inhibits the shuttling of Ago2 in exosomes and concomitantly reduces the amount of Ago2-dependant miRNAs in EVs. 34 Interestingly, phosphorylation of Ago2 decreased its interaction with multivesicular endosomes and reduced the secretion of this protein inside exosomes. These data suggest that proteins interacting with miRNAs may influence their transfer inside exosomes.
| Exosome uptake
After their release in the extracellular space, exosomes can diffuse in the bloodstream and in other body fluids. The exosome cargo is protected from degradation and is rapidly taken up by different organs, such as liver, lung and spleen. The half-life of circulating exosomes has been evaluated to be around 2 minutes for labelled exosomes injected intravenously in mice but some exosomes were still detectable in the circulation hours after injection. 35, 36 It is still unclear how, Heusermann et al. 42 Using single-vesicle dye tracing, the majority of the exosomes from HEK293 cells were found to enter recipient cells as intact vesicles primarily via filopodia, to be sorted in endocytic vesicles and to scan the endoplasmic reticulum before being targeted to lysosomes. A small fraction (10%-20%) of the labelled exosomes were found to remain at the plasma membrane. Finally, fusion of labelled exosomes with plasma membrane was observed in melanoma and dendritic cells using spectrofluorometry and confocal or fluorescence time-lapse microscopy. 27, 39 As discussed for the secretory mechanisms, the mechanism of uptake may differ between heterogeneous populations of exosomes or between different cell types. Further research is needed to better understand the mechanisms involved in the uptake of exosomes and the delivery of their cargoes inside the recipient cells.
| Transfer of nucleic acids between cells mediated by exosomes
Pioneer studies have shown the shuttling of bioactive mRNAs and miRNAs between cells in vitro. 5, 6 The transfer of genetic material by exosomes has now been elegantly confirmed also in vivo using the promoted cell survival or apoptosis, respectively. 26, 52 Of course, more studies will be required to confirm this hypothesis, but the data obtained so far suggest that exosomes contribute to achieve a concerted response of β-cells to inflammatory stimuli.
Long non-coding RNAs (lncRNAs) are emerging as important players in the regulation of β-cell function. 53, 54 Some of these noncoding transcripts may potentially also be released in exosomes. In a previous study, we identified a group of lncRNAs that is upregulated in the islets of pre-diabetic NOD mice. 55 Some of them, lncRNA-1 
| Skeletal muscles
Skeletal muscles account for about 40% of the body mass and are the predominant site for insulin-dependent glucose uptake. Moreover, the insulin-resistant state of skeletal muscles is considered the primary defect leading to type 2 diabetes development. 64 Muscles secrete a large number of proteins and cytokine signalling molecules like myokines known to be important in the regulation of nutrient homeostasis. 65 Recently, skeletal muscles were found also to secrete exosomes containing proteins and miRNAs that can be transferred to adjacent muscle cells. [66] [67] [68] [69] Moreover, exosomes secreted by muscle cells exposed to fatty acids induced the expression of genes involved in cell cycle and in muscle differentiation of recipient myotubes and favoured myoblast proliferation. 66 There is emerging evidence indicating that muscle exosomes may also be part of the inter-organ network governing glucose homeo- 
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In addition to their contribution to whole-body metabolism and energy homeostasis, skeletal muscles are of course necessary for body locomotion. Endurance exercise produces multisystemic benefits on human health and protects against obesity and diabetes development. Interestingly, the amount of circulating exosomes, and also circulating miRNAs, was found to be increased in an intensity-dependent manner in response to endurance exercise.
Exosomes released by skeletal muscles, but also from other tissues, may potentially participate in the autocrine and paracrine signals leading to the systemic benefits of exercise. 71 However, the precise mechanisms through which they could exert such effects remain to be uncovered.
| Adipose tissue
The adipose tissue is a major player in energy homeostasis, but was for a long time considered only as an inert organ responsible for lipid storage. We now know that the adipose tissue regulates whole-body metabolism and releases several hormones and cytokines called adi- Exosomal carriers provide advantages of both cell-based drug delivery and nanotechnology. They can travel from one cell type to another, they deliver their content across the plasma membrane in active form and they can pass the blood-brain barrier. 84 Two different approaches have been described for oligonucleotide loading into exosomes. The first, developed by Alvarez-Erviti et al 85 , uses electroporation for incorporating siRNAs in dendritic cell-derived exosomes.
A similar strategy can be applied to load up to 3000 miRNA molecules in exosomes. 86 However, the efficiency of exosome electroporation varies according to the experimental conditions. 84 The second approach takes advantage of the release by parental cells of part of their cellular components in exosomes. Indeed, the fusion of an antigen with a protein known to be targeted to exosomes was shown to result in its loading in the vesicles and its extracellular release. 87 An analogous strategy could potentially be envisaged to tag and load the miRNAs of interest in exosomes.
Few studies have already demonstrated the efficiency of exosome-mediated delivery of siRNAs to recipient cells. 84 For example, exosomal delivery of the antimiR-150 in mice neutralized miR-150, diminished VEGF levels and attenuated angiogenesis. 88 Finally, Alvarez-Erviti et al 85 reported that genetic modifications of parental cells could be used to target exosomes to the disease site. They succeeded in engineering exosomes containing a siRNA directed against GADPH and the neuron-specific peptide RVG. When injected in mice, a specific gene knockdown was observed in neurons, microglia and oligodendrocytes, demonstrating the therapeutic potential of exosomes-mediated siRNA delivery.
| CONCLUSION
The number of studies supporting a role for exosomes in metabolic organ cross-talk is rapidly growing. Several aspects of this new communication mode remain, however, to be elucidated. 
